The identity of the peritubular population of cells with mesenchymal phenotype thought responsible for producing erythropoietin in humans remains unclear. Here, renal CD133 + /CD73 + progenitor cells, isolated from the human renal inner medulla and described as a population of mesenchymal progenitors, released erythropoietin under hypoxic conditions. CD133 2 cells did not synthesize erythropoietin, and CD133 + progenitor cells stopped producing erythropoietin when they differentiated and acquired an epithelial phenotype. Inhibition of prolyl hydroxylases, using either dimethyloxalylglycine or a small hairpin RNA against prolyl hydroxylase-2, increased both hypoxia-inducible factor-2a (HIF-2a) expression and erythropoietin transcription. Moreover, under hypoxic conditions, inhibition of prolyl hydroxylase significantly increased erythropoietin release by CD133 + progenitors. Finally, blockade of HIF-2a impaired erythropoietin synthesis by CD133 + progenitors. Taken together, these results suggest that it is the renal CD133 + progenitor cells that synthesize and release erythropoietin under hypoxia, via the prolyl hydroxylase-HIF2a axis, in the human kidney. In addition, this study provides rationale for the therapeutic use of prolyl hydroxylase inhibitors in the setting of acute or chronic renal injury.
The glycoprotein hormone erythropoietin (EPO) regulates blood red cell production, linking decreased tissue oxygenation to an adequate erythropoietic response. In adults, the kidney is responsible for .90% of EPO production. Many efforts have been made to identify renal EPO-producing cells. In the rodent anemic kidney, EPO production is restricted to interstitial peritubular fibroblast-like cells localized in the deep cortex and outer medulla and coexpressing EPO mRNA and the mesenchymal marker CD73. [1] [2] [3] [4] [5] [6] In the human kidney, the precise localization of EPO-producing cells is unknown. It is conceivable that, similarly to rodents, a peritubular population of mesenchymal cells/fibroblasts is responsible for EPO production. Data obtained from a human EPO-producing cell line isolated from human kidney showed that these cells possess mesenchymal characteristics and the ability to synthesize EPO in response to hypoxia-dependent hypoxia-inducible factor-2a (HIF-2a) stabilization and activation. 7 However, in human renal tissue, in situ hybridization studies showed EPO production in cells of renal tubules. In particular, EPO mRNA was expressed by epithelial distal tubular cells, collecting tubules and additionally by glomerular cells. 8 High EPO levels are also released by tumor cells of renal carcinomas, 9 considered to derive from transformed tubular or progenitor/stem cells. In addition, murine embryonic renal stem cells organized in an organoid and implanted in vivo in rats produced murine EPO, suggesting that EPO-producing cells derive from renal stem cells. 10 Using CD133 as a marker, a population of renal resident progenitors has been localized in different segments of the nephron. [11] [12] [13] [14] In particular, CD133
+ progenitors are enriched in the Henle's loop and thin segments of the papillary region of medulla, which is characterized by a very low oxygen tension. 15 In vitro, hypoxia was shown to be a key factor in the maintenance of the progenitor phenotype and stem properties of these cells. 13 In this study, we investigated whether CD133 + renal progenitors could be a source of EPO within the kidney.
RESULTS

EPO Production by Renal CD133
+ Cells in Normoxia and Hypoxia CD133 + cells located within the Henle's loop in the human inner medulla coexpressed the hypoxic marker carbonic anhydrase IX (CAIX) (Figure 1 ), indicating their continuous exposure to an hypoxic environment. Isolated CD133 + progenitors from renal inner medulla displayed a mesenchymallike phenotype, [11] [12] [13] including expression of CD73, CD29, CD44, CD90, and vimentin ( Figure 2 , A and F). All 16 different CD133 + cell preparations used in the study, isolated by magnetic sorting from human specimens of renal medulla, showed coexpression of CD133, vimentin, and CD73 (Table  1) . CD73 was also coexpressed by CD133 + cells in situ within the renal tissue (Figure 1 ), suggesting their mesenchymal phenotype in vivo. This is in agreement with a previous study showing vimentin expression by CD133 + cells in the cortex. 16 The production of EPO by CD133 + /CD73 + isolates and clones was tested in normoxia and hypoxia, as schematically depicted in Figure 3 . Basal EPO production was detected in all isolates ( Figure 2B and Table 1 ). After 24-48 hours in hypoxia (1% oxygen, corresponding roughly to 7.6 mmHg), EPO release into the cell supernatant of CD133 + progenitors, but not of CD133
2 tubular epithelial cells, was significantly increased ( Figure 2B ). Concomitantly, CD133 + /CD73 + progenitors undergoing hypoxia significantly upregulated EPO mRNA ( Figure 2C ). To verify the cell selectivity of EPO release, three different CD133 + cell isolates were subjected to clone generation by limiting dilution technique in 96-well plates. A total of 91 clones were collected (cloning efficiency equal to 35.1%). Ten clones, showing CD133/CD73 expression .95% cells, were expanded and tested for EPO release. All these clones released EPO in the normoxic or hypoxic condition ( Figure 2D ). The levels of EPO release were comparable with those previously reported in renal EPO releasing human cells in vitro 7 and were roughly half of those obtained by HepG2 cells (Figure 2E ). 17 The selective EPO expression by CD133 + progenitors was further confirmed by the reduction of EPO mRNA in CD133 + progenitors undergoing differentiation into renal epithelial cells. EPO mRNA downregulation was observed after 7 days and reached significance after 14 days of differentiation ( Figure  2G ). In parallel, CD133 + cells underwent mesenchymal to epithelial differentiation, as shown by loss of the CD133 marker and of the mesenchymal marker vimentin, reduction of the mesenchymal transcription factors Snail, Slug, and Twist and acquirement of epithelial nephron markers ( Figure 2 , F and H, and Table 1 ), as previously reported. 13 EPO Regulation by Prolyl Hydroxylase-2 Inhibition HIF stabilization required for EPO production is modulated through prolyl hydroxylases (PHDs), the enzymes that target the a subunit of HIF-1 and HIF-2 for proteasomal degradation. 18 CD133 + /CD73 + progenitors expressed PHD2 and upregulated its levels under hypoxic conditions (Supplemental Figure 1) . We therefore evaluated the effect of a nonspecific PHD inhibitor dimethyloxalylglycine (DMOG) 19 on EPO synthesis. No significant cytotoxic effect was induced by DMOG at 100-500 mM of on CD133 + progenitors after 24-hour incubation (cell vitality evaluated by Annexin V/propidium iodide staining using cytofluorimetric analysis, was .95%). In addition, we specifically inhibited PHD2, the PHD isoform known to be involved in EPO synthesis, 20 using two different small hairpin RNA (shRNA). PHD inhibition with 100 mM DMOG induced HIF-2a protein increase in CD133 + /CD73 + cells ( Figure 4A ). An increase in HIF-1a protein levels was also observed (Supplemental Figure 2A) . In parallel, PHD2 was upregulated in CD133 + /CD73 + cells treated with DMOG (Figure 4C) , as expected in virtue of the rapid induction of its synthesis by HIFs. 18 Indeed, DMOG does not affect the PHD protein levels because it acts as a competitive inhibitor. 19 The specific PHD2 inhibition by lentiviral shRNA for PHD2 (shPHD2 cells) enhanced HIF-2a protein levels in CD133 + cells and downregulated PHD2 expression ( Figure  4 , B and D). HIF-1a protein levels were also increased (Supplemental Figure 2B ). In CD133 + /CD73 + cells, PHD2 inhibition, using either shPHD2 delivery with two different lentiviral vectors or DMOG administration, induced an upregulation of EPO mRNA ( Figure 4E and Supplemental Figure 3A ). In particular, DMOG treatment upregulated the expression of EPO mRNA .9-fold. The evaluation of EPO release into the cell supernatant, however, did not show a significant increase in normoxia ( Figure 4F and Supplemental Figure 3B ). At variance, PHD2 inhibition significantly enhanced the EPO release at 24 hours when cells were submitted to hypoxia (1% oxygen) ( Figure 4F and Supplemental Figure  3B ). In normoxia, increasing concentrations of the nonspecific PHD inhibitor DMOG were required to induce EPO release ( Figure 4G ), whereas its release in hypoxia was already at plateau at the lower DMOG concentration. Indeed, in shPHD2 cells, EPO increased in normoxia at an intracellular level ( Figure 4H ), indicating a possible hypoxia-based PHD2 independent control of EPO release.
Role of HIF-2a in EPO Production
EPO production is known to be modulated by hypoxia through HIF-2a activation. 7, 21, 22 The involvement of HIF-2a in EPO production by CD133 + /CD73 + progenitors was investigated by generation of negative progenitors for HIF-2a (shHIF-2a) by infection with two different specific shRNA lentiviruses ( Figure 5A ). shHIF-2a cells almost completely lost the ability to synthesize EPO ( Figure 5B and Supplemental Figure 3 , A and B) but not vascular endothelial growth factor, used as control for maintenance of cellular activity ( Figure 5C ).
DISCUSSION
Taken together, the results of this study identify CD133 + /CD73 + renal progenitors as a possible source of EPO and show that EPO release in hypoxic conditions can be enhanced by PHD2 inhibition. CD133 + /CD73 + progenitors therefore appear as a new source of EPO production within the human kidney. Similarly to EPO-producing renal cells described in murine studies or isolated from human kidney, CD133 + /CD73 + cells present a mesenchymal phenotype. The ability to synthesize EPO was restricted to CD133 + progenitors because it was lost after epithelial differentiation and it was absent in CD133 2 cells. Indeed, in epithelial cells, the mechanisms underlying the repression of EPO gene expression were recently shown to depend on the GATA promoter motif, 23 underlying a cell type-dependent inhibitory mechanism that could be relevant Expression of CD133 and of the mesenchymal markers CD73 and vimentin by the cell isolates in the study was evaluated by cytofluorimetric analysis or immunofluorescence staining at the first culture passage. Epithelial differentiation was determined by the ability to acquire the nephron segment-specific markers megalin, expressed by proximal tubular epithelial cells, and Tamm-Horsfall protein (THP), expressed by the ascending limb of the loop of Henle and by distal convolute tubules. Cells were cultured in epithelial differentiative medium for 14 days, and differentiation evaluated by immunofluorescence staining. EPO release into the cell supernatant was assessed in normoxia.
J Am Soc Nephrol 24: 1234-1241, 2013 CD133 + Progenitors and EPO in the epithelial differentiation of renal cells. In contrast with the described localization of EPO-producing cells in the interstitium of rat and mouse kidney, 1-6,21 CD133 + progenitors have been identified along the renal nephron. [11] [12] [13] [14] This observation overlaps the described localization of EPO-producing cells in different segments of the human nephron by in situ hybridization studies. 8, 9 These dissimilar results may depend on differences in species. Indeed, a population of cells corresponding to the human CD133 + cells has not been identified in mice and rats because the AC133 antibodies recognize a glycosylation-dependent stem cell-specific isoform of CD133 only in human cells. 24 Alternatively, it can be speculated that CD133 + /CD73 + cells within the nephron in the inner medulla represent an additional source of EPO within the kidney, together with a fibroblast-like interstitial population. Indeed, nonclassic sites of EPO production have also been described in different organs such as brain, lung, heart, and bone marrow. 25 In this context, EPO may play tissue-specific physiologic roles possibly unrelated to erythropoiesis such as modulation of angiogenesis and cell survival. 26, 27 The molecular pathways involved in the control of oxygen sensing and leading to EPO synthesis have been fully elucidated in recent years. 27 In vivo studies in rats as well as in vitro studies on EPO-producing cell lines clearly showed that EPO production depends on HIF-2a activation, 7, 21, 22 which, in turn, is modulated by the hydroxylation of its proline residues by PHD2. 27 This was supported both in genetic murine studies as well as in human clinical settings. In fact, the loss of PHD2 function, either by inherited mutation or by genetic deletions of Egln1 (the gene codifying for PHD2), or the increase in HIF-2a function in patients with Hif2a inherited mutation is associated with excessive EPO and polycythemia. [28] [29] [30] We here confirmed the involvement of PHD2-HIF-2a axis in hypoxia-induced EPO synthesis by renal CD133 + /CD73 + progenitor cells. However, as PHD2 inhibition in normoxia increased intracellular EPO production, but not its release, at variance with the nonspecific PHD inhibitor DMOG, the presence of additional PHD2-independent hypoxia-related mechanisms controlling EPO release can be envisaged. Indeed, hypoxia is known to control exocytosis trafficking 31 and to modulate specific receptor turnover independently by PHD2. 32 Moreover, a previous work in a renal carcinoma cell line showed the presence of an intracellular pool of preformed EPO that could be rapidly released in response to an increase of cAMP. 33 Although these mechanisms still require elucidation, the hypoxic environment within the renal medulla appears instrumental for EPO release by CD133 + /CD73 + progenitors. Pharmacologic modulation of the local renal EPO production is a major goal in nephrology and several pharmaceutical companies are believed to have an interest in PHD-based drug discovery. 34 Indeed, PHD inhibitors have been shown to induce EPO production in mouse and rhesus macaque models. 35, 36 Besides EPO production, PHD inhibitors were also shown to display renoprotective activity in AKI, 37 possibly due to the effect of EPO on survival of endothelial and renal tubular cells. In this context, the finding that pharmacologic inhibition of PHD, and particularly of PHD2, 
CONCISE METHODS
Isolation and Culture Conditions
Renal progenitor cells were obtained from the normal portion of the inner medulla obtained from surgically removed kidneys, after approval by the Ethical Committee for the Use of Human Tissue of the University of Torino, as described, 13 and cultured in endothelial basal medium medium plus supplement kit (Cambrex BioScience, East Rutherford, NJ) without serum addition. Cell isolates, obtained from different renal specimens (n=16), were used between passages 2 and 5 ( Figure 3 and Table 1 ). The CD133 2 cell population obtained after magnetic sorting was plated in RPMI plus 10% FCS and used after 1-2 culture passages. To generate clones, CD133 + cells were seeded using a limiting dilution technique in 96-well plates. After 12 hours, wells not containing single cells were discarded by microscopical visualization and clones derived from a single cell were expanded in expansion medium. CD133 expression was evaluated by FACS analysis. Epithelial differentiation was obtained by culturing cells for 14 days in expansion medium with 10 ng/ml human hepatocyte growth factor (Sigma Aldrich, St. Louis, MO) and 10 ng/ml human fibroblast growth factor-4 (Sigma Aldrich). When cultured in hypoxic conditions, cells were placed in hypoxic chambers with 1% O 2 . DMOG (100 mM; Frontier Scientific, Logan, UT) dissolved in PBS was added to the cells for the indicated amount of time.
Cell Infection and Transfection
The Block-it Pol II miR RNAi Expression Vector Kit (Life Technologies, Grand Island, NY) was used to construct pcDNA6.2-GW/EmGFP-miR vectors (Life Technologies) expressing the target miRNA (miR-PHD2) according to the manufacturer's instructions. The Rapid BP/LR Recombination Reaction (Block-it Lentiviral Pol II miR RNAi Expression System; Life 
Immunofluorescence and Western Blot Analyses
Immunofluorescence and immunohistochemistry were performed using the following antibodies: anti-CD133/1 (clone AC133 
RNA Preparation and RT-PCR
Total RNA was isolated from different cell preparations using the RNAqueos-Micro isolation kit (Ambion, Life Technologies) according to the manufacturer's protocol. RNA was then quantified spectrophotometrically (NanoDrop ND-1000; NanoDrop Products, Wilmington, DE). For gene expression analysis, quantitative real-time PCR was performed in 20 ml of reaction mixture containing 5 ng of cDNA template, sequence-specific oligonucleotide primers (purchased from MWG-Biotech AG, Ebersberg, Germany), and Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). TATA binding protein mRNA is used to normalize RNA inputs. Fold-change expression with respect to control was calculated for all samples. Sequence-specific oligonucleotide primers are reported in the Supplemental Materials and Methods.
ELISA for EPO
EPO protein in cell culture supernatants and in cell lysates was measured by Platinum ELISA (eBioscience, San Diego, CA) according to the manufacturer's recommendations.
Statistical Analyses
Statistical analysis was performed using the t test, or ANOVA with Dunnett's multiple comparison tests, as appropriate. A P value of ,0.05 was considered significant.
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